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1
CURRENT THRESHOLD CIRCUIT

BACKGROUND OF THE INVENTION

1. Technical Field of the Invention
This 1nvention relates generally to mtegrated circuits and
more particularly to excessive output current detection of

such 1ntegrated circuits.

2. Description of Related Art

Integrated circuits (IC) are known to be used 1n a multi-
tude of electronic devices and are required to provide
suflicient output power to driver components coupled to the
IC. For example, an audio processing IC (e.g., audio codec,
MP3 player, etc.) has at least one output to drive head-
phones. To protect an IC from an overload and/or short
circuit on such a high powered output, the IC includes a
current limiting circuit.

FIG. 1 1s an embodiment of a known output current limit
circuit that includes an output drive transistor (T ) and a
temperature sensing circuit that 1s 1 the vicimty of the
transistor. The output drive transistor provides an output
current to a load via an IC pin. I the output current becomes
excessive, the output drive transistor heats up, which 1is
sensed by the temperature sensing circuit. When the tem-
perature of the output drive transistor becomes too high, due
an overload or a short, the temperature sense circuit provides
an overload current signal to a processor, which disables the
output drive transistor. While such a circuit provides over-
load protection, 1t does so at the cost of a temperature
sensing circuit, which may not respond fast enough to avoid
overloading the power rails.

FIG. 2 1s a schematic block diagram of another known
current sensing circuit. In this embodiment, a sense resistor
(R._ ..) 1s coupled 1n series with the load (R, ) ofl chip.
The output transistor, which 1s on chip, drives the series
combination of the resistive load and the sense resistor. An
amplifier, or comparator, monitors the voltage across the
sense resistor with respect to a reference voltage. When the
voltage across the sense resistor exceeds a voltage reference,
a current limit signal (I _ ) 1s produced. While this provides
overload protection, 1t does at the cost an additional sense
pin for each output. Further, the sense resistor adds imped-
ance to the output, which lowers the overall effeciency of the
output due to its power consumption and reduces the voltage
swing of the output.

FI1G. 3 1s another embodiment of a known current limiting
circuit for an output of an integrated circuit. In this embodi-
ment, a limiting resistor (R, ) 1s coupled 1n series with the
resistive load (R, ). The limiting resistor 1s on-chip with
the output transistor (1, ) and has an impedance substan-
tially equal to the resistive load. An 1ssue with this embodi-
ment 1s the loss of voltage output swing for the resistive load
as well as the inefliciency due to power consumption of the
limiting resistor.

FIG. 4 1s yet another embodiment of a known current
limiting circuit. In this embodiment, the output transistor
1 ~drives the load resistance and the output current is
mirrored to a sense circuit. The sense circuit includes a
current mirroring transistor, a sense resistor and a compara-
tor, or amplifier. In operation, the output current 1s mirrored
by the mirroring transistor, where the mirrored current 1s
provided to the sense resistor (R ). The sense resistor
produces a sensed voltage based on the mirrored current,
where the sense current 1s compared with a reference volt-
age. When the sensed voltage exceeds the reference voltage,
an overload condition (I, ) exists. An 1ssue with this

embodiment of a current limiting circuit 1s that when the
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output voltage swings from rail-to-rail, the drain source
voltage of the output transistor has a wide variation, which
causes the mirroring transistor to produce an inaccurate
mirroring current. Such inaccurate current mirroring cause
unacceptable variations in the current limiting function.

Therefore, a need exists for a current threshold and/or
limiting circuit that overcomes the drawbacks of previous
current limiting and/or current sensing circuits.

BRIEF SUMMARY OF THE INVENTION

The current threshold circuit of the present invention
substantially meets these needs and others. In one embodi-
ment, a current threshold circuit includes a series 1mped-
ance, a reference voltage source, and a comparison module.
The series impedance couples an output of a current source
to a load, wherein impedance of the series impedance 1s
substantially less than impedance of the load. The reference
voltage source 1s operably coupled to produce a reference
voltage differential. The comparison module 1s operably
coupled to compare the reference voltage differential with a
differential voltage of the series impedance, wherein the
comparison module generates an excessive current indica-
tion when the differential voltage of the series impedance
compares unfavorably to the reference voltage differential.

In another embodiment, a current threshold circuit
includes a current mirroring transistor, a cascode transistor,
a feedback module, and a sensing module. The current
mirroring transistor 1s operably coupled to an output tran-
sistor of a current source. The cascode transistor 1s operably
coupled 1n series with the current mirroring transistor. The
teedback module 1s operably coupled to generate a gate
voltage for the cascode transistor such that a drain voltage of
the current mirroring transistor substantially equals a drain
voltage of the output transistor. The sensing module 1s
operably coupled to compare a representation of a current of
the current mirroring transistor with a representation of a
reference current level, wherein the sensing module gener-
ates an excessive current indication of the output transistor
when the representation of the current of the current mir-
roring transistor compares unfavorably with the representa-
tion of the reference current level.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

FIGS. 1-4 are schematic block diagrams of prior art
current sensing circuits;

FIG. 5 1s a schematic block diagram of a high current
output circuit in accordance with the present invention;

FIG. 6 1s a schematic block diagram of a current threshold
circuit 1n accordance with the present mnvention;

FIG. 7 1s a schematic block diagram of another embodi-
ment of a current threshold circuit 1n accordance with the
present 1nvention;

FIG. 8 1s a graph depicting the function of the comparison
module of the current threshold circuit in accordance with
the present invention;

FIG. 9 1s a schematic block diagram of another embodi-
ment of a current threshold circuit 1n accordance with the
present 1nvention;

FIG. 10 1s a schematic block diagram of yet another
embodiment of a current threshold circuit 1n accordance
with the present invention; and

FIG. 11 1s a schematic block diagram of yet a further
embodiment of a current threshold circuit 1n accordance
with the present mvention.
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DETAILED DESCRIPTION OF TH.
INVENTION

(L]

FIG. 5 1s a schematic block diagram of a high current
output circuit 10 that includes an amplifier circuit 12, a
current threshold circuit 14, an integrated circuit (IC) pin
and a load 16. The amplifier circuit 12 and the current
threshold circuit 14 are implemented on an integrated circuit
while the load 1s typically off-chip. The amplifier circuit 12
may be an amplifier and/or a line driver. The load may be a
speaker, headphone, et cetera.

The amplifier circuit 12 includes an amplifier 20 and a
current source 18. The output of the amplifier 20 regulates
the current produced by current source 18. In one embodi-
ment, the amplifier 20 may be connected as an amplifier
where the positive input 1s coupled to recerve an input signal
and the negative input 1s coupled to a reference voltage or
other reference source. Alternatively, the amplifier circuit 12
may be used as a line driver where the positive input of the
amplifier recerves the mput signal and the negative mput of
the amplifier 1s coupled to the output of the amplifier
producing a unity gain amplifier. As one of ordinary skill in
the art will appreciate, the amplifier 20 may be configured in
a multitude of ways 1ncluding, but not limited to, inverting
single-ended amplifier and a differential amplifier. The cur-
rent source 18 may include one or more output transistors
that provide current to the load via the current sense thresh-
old 14 and the integrated circuit pin.

The current threshold circuit 14 1s operably coupled to
sense the current provided by the current source 18 to the
load 16. When the current exceeds a pre-determined thresh-
old, the current threshold circuit 14 generates an excessive
current 1indication. Other circuitry on the integrated circuit
interprets the excessive current indication 22 to adjust the
amplifier circuit 12 by reducing the current it provides
and/or by disabling the amplifier circuit 12. For example, 1
the IC pin 1s shorted to ground, the current threshold circuit
14 generates an excessive current mndication 22 which may
be used to disable the amplifier circuit 12.

FIG. 6 1s a schematic block diagram of an embodiment of
the current threshold circuit 14. In this embodiment, the
current threshold circuit includes a series impedance 30, a
comparison module 32, and a reference voltage source 34.
The series impedance 30 1s coupled in series with the current
source 18 of the amplifier circuit 12 and with the load 16 via
the integrated circuit pin. The comparison module 32 has
two pairs of inputs. The 1% pair of inputs receives the voltage
imposed across the series impedance 30 as a differential
voltage 36. The other pair of inputs of the comparison
module 1s provided by the reference voltage source 34 as a
reference voltage diflerential 38.

The comparison module 32 compares the differential
voltage 36, which represents the voltage imposed across the
series impedance 30, with the reference voltage differential
38 to produce the excessive current indication 22. In this
implementation, the comparison module 32 substantially
reduces 1ssues related to common mode voltage of sensing
an on-chip series impedance and/or 1ssues related to rail-to-
rail swings of the output. Further note that the impedance of
the series impedance 30 1s substantially less than the imped-
ance of the load 16. For instance, the series impedance 30 1s
no more than “10” the impedance of the load 16.

FIG. 7 1s a schematic block diagram of another embodi-
ment of the current threshold circuit 14. In this embodiment,
the current source 18 1ncludes a plurality of output transis-
tors T~T1,. The series impedance 30 includes a plurality of
resistors R,—R . The comparison module 32 includes a
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4

differential difference amplifier 46 and the reference voltage
source 34 includes a band-gap reference 40, a resistive
divider 42 and a multiplexer 44.

As shown, each of the output transistors of the current
source 18 1s coupled to a corresponding resistor of the series
impedance 30. The other node of each of the resistors 1n the
series impedance 30 1s coupled to the integrated circuit pin
to drive the load 16. In one embodiment, one of the resistors
within the series impedance 30 may be sensed to provide the
differential voltage 36.

The voltage reference source 34 produces the reference
voltage differential 38 by generating a reference voltage
(Vrel) via the band-gap reference 40. The resistive divider
42 produces a plurality of reference voltages from the
reference voltage. The multiplexer 44 1s enabled to select
two of the plurality of reference voltages, including the
original reference voltage produced by the band-gap refer-
ence 40, to produce the reference voltage differential 38.
Depending on the desired current limit threshold and the
voltage drop across the sense resistor within the series
impedance, the reference voltage differential 38 may be
selected to have a relatively small differential value or a
relatively large diflerential value. As an alternative configu-
ration, the multiplexer 44 may only have one output to select
a voltage for the negative leg of the reference voltage
differential 38 and the band-gap reference 40 provides the
positive leg of the reference voltage differential 38.

The differential difference amplifier 46 amplifies the
differential voltage 36 with respect to the reference voltage
differential 38 to produce the excessive current indication

22.

FIG. 8 illustrates the functionality of the comparison
module 32. In this embodiment the voltage across the load
(V:o4n) 18 represented over time and swings essentially
from rail-to-rail (V.. to V). With reference to FIG. 7, one
node of the series impedance 1s coupled to the load and thus
tracks the output voltage (V, ). The other node of the
series impedance 32, with respect to the first node, provides
the differential voltage 36, which i1s based on the output
current and the impedance of the series impedance. Thus, as
the output current increases, the differential voltage 36
1NCreases.

FIG. 8 further illustrates the reference voltage diflerential
38 as V3 minus V4. V3 may correspond to the bandgap
reference voltage or the greater of the two voltages outputted
by the multiplexer 44 and V4 corresponds to the lesser of the
two voltages outputted by the multiplexer 44 or the single
output of the multiplexer 44. The differential voltage 36 1s
illustrated as V1 minus V2, where V1 and V2 correspond to
the voltage drop across the series impedance 30. In accor-
dance with this embodiment, the amplifier output equals
gain*[(V1-V2)-(V3-V4)]. If the difference between V1
and V2 ever exceeds the difference between V3 and V4, then
the excessive current indication 1s generated.

FIG. 9 1s a schematic block diagram of another embodi-
ment of a current sense threshold 14 operably coupled to an
output transistor ol current source 18, which provides an
output current to load 16 via an integrated circuit pin. In this
embodiment, the current sense threshold circuit 14 includes
a mirroring transistor (I . ), a cascode transistor (T ), a
feedback module 50 and a sensing module 52. In this
embodiment, the mirroring transistor mirrors the current
provided by the output transistor of current source 18. The
cascode transistor 1s gated via the feedback module, which
keeps the drain voltage of the mirror transistor matching the
drain voltage of the output transistor of current source 18 to
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insure accurate mirroring of the current produced by the
output transistor as the output voltage swings from rail-to-
rail.

The sensing module 52 1s operably coupled to compare a
representation of the current produced by the current mir-
roring transistor with a representation of a reference current
(L. The sensing module generates an excessive current
indication 22 when the representation of the current pro-
duced by the current mirroring transistor compares unfavor-
ably with the representation of the reference current level.
Note that the representation of the currents produced by the
mirroring transistor and the reference current may corre-
spond to voltage signals, current signals and/or digital
values produced via an analog-to-digital conversion.

FIG. 10 1s a schematic block diagram of another embodi-
ment of a current threshold circuit 14. In this embodiment,
the current threshold circuit 14 includes the feedback circuit
50, the mirroring transistor, the cascode transistor and the
current sense module 52 operably coupled to the output
transistor of current source 18. In this embodiment, the
teedback module 50 includes an amplifier 60 and the current
sense module 52 includes a sense resistor R and a compara-
tor 62.

In operation, the amplifier 60 provides a gate voltage to
the cascode transistor that ensures that the drain voltage of
the mirroring transistor matches or substantially matches the
drain voltage of the output transistor T__ . of current source
18. By maintamning this drain voltage relationship, the
mirroring transistor will accurately mirror the current of the
output transistor even as the output voltage swings from
rail-to-rail.

The sense resistor produces a voltage which represents the
mirrored current. The voltage 1s compared with a reference
voltage via comparator 62 to produce the excessive current
indication 22 when the voltage imposed across the sense
resistor R exceeds the reference voltage. Note that the sense
resistor may be an on-chip resistor or an ofl-chip resistor. IT
an ofl-chip resistor 1s used, a more accurate representation of
the mirror current may be produced since the tolerance of an
ofl-chip resistor can be much greater than 1s obtainable via
an on-chip resistor.

FIG. 11 1s a schematic block diagram of another embodi-
ment of a current threshold circuit 14. In this embodiment,
the current threshold circuit 14 includes the feedback circuit
50, the mirroring transistor, the cascode transistor and the
current sense module 52 operably coupled to the output
transistor of current source 18. In this embodiment, the
teedback module 50 includes an amplifier 60 and the current
sense module 52 includes a reference current source, a pair
of transistors T1, T2, and a bufler (e.g., a pair of inverters).

In operation, the amplifier 60 provides a gate voltage to
the cascode transistor that ensures that the drain voltage of
the mirroring transistor matches or substantially matches the
drain voltage of the output transistor T _ . of current source
18. By maintamning this drain voltage relationship, the
mirroring transistor will accurately mirror the current of the
output transistor even as the output voltage swings from
rail-to-rail.

The sensing module 52 produces the excessive current
indication 22 when the current through the mirroring tran-
sistor, and hence transistor 11 of the sensing module 52,
produces a drain source voltage on transistor T1 that exceeds
a logic one mput of the inverter. In this embodiment, the gate
source voltage of T1 1s established by transistor T2 and the
reference current source. Based on the known voltage level
for a logic one mput of the mverter and the properties of
transistors T1 and T2, the reference current source can be set
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6

at a desired level to establish a desired gate source voltage,
which 1n turn establishes the drain source voltage of T1.

As one of ordinary skill 1n the art will appreciate, the term
“substantially” or “approximately™, as may be used herein,
provides an industry-accepted tolerance to its corresponding
term and/or relativity between items. Such an industry-
accepted tolerance ranges from less than one percent to
twenty percent and corresponds to, but 1s not limited to,
component values, integrated circuit process variations,
temperature variations, rise and fall times, and/or thermal
noise. Such relativity between 1tems ranges from a differ-
ence of a few percent to magnitude differences. As one of
ordinary skill in the art will further appreciate, the term
“operably coupled”, as may be used herein, includes direct
coupling and indirect coupling via another component,
clement, circuit, or module where, for indirect coupling, the
intervening component, element, circuit, or module does not
modily the information of a signal but may adjust 1ts current
level, voltage level, and/or power level. As one of ordinary
skill 1n the art will also appreciate, inferred coupling (1.e.,
where one element 1s coupled to another element by infer-
ence) includes direct and indirect coupling between two
clements 1n the same manner as “operably coupled”. As one
of ordinary skill in the art will further appreciate, the term
“compares favorably”, as may be used herein, indicates that
a comparison between two or more elements, 1tems, signals,
etc., provides a desired relationship. For example, when the
desired relationship 1s that signal 1 has a greater magnitude
than signal 2, a favorable comparison may be achieved when
the magnitude of signal 1 1s greater than that of signal 2 or
when the magnitude of signal 2 1s less than that of signal 1.

The preceding discussion has presented various embodi-
ments of a current threshold circuit. Regardless of the
embodiment, other circuits within an integrated circuit may
use the excessive current indication to protect the output of
the integrated circuit from damage due to short circuits
and/or overload conditions. As one of average skill 1n the art
will appreciate, other embodiments may be derived from the
teaching of the present invention without deviating from the
scope of the claims.

What 1s claimed 1s:
1. A current threshold circuit comprises:

a series impedance coupling an output of a current source
to a load, wherein impedance of the series impedance
1s substantially less than impedance of the load;

a reference voltage source operably coupled to produce a
reference voltage differential; and

a comparison module operably coupled to compare the
reference voltage differential with a differential voltage
of the series impedance, wherein the comparison mod-
ule generates an excessive current indication when the
differential voltage of the series impedance compares
unfavorably to the reference voltage differential.

2. The current threshold circuit of claim 1, wherein
comparison module comprises:

a differential diflerence amplifier having a first set of
iputs to receive the reference voltage differential and
a second set of 1nputs to receive the differential voltage
of the series impedance.

3. The current threshold circuit of claim 1, wherein the
reference voltage source comprises:

a band gap reference operably coupled to produce a
reference voltage;

a resistive divider operably coupled to divide the refer-
ence voltage into a plurality of reference voltages; and
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a multiplexer operably coupled to select the reference
voltage differential from two of the reference voltage
and the plurality of reference voltages.

4. The current threshold circuit of claim 1 further com-

Prises:

the output of the current source including a plurality of
transistors; and

the series impedance including a plurality of resistors,
wherein one node of each of the plurality of resistors 1s
coupled to a corresponding one of the plurality of
transistors and wherein the other node of each of the
plurality of resistors are coupled together, wherein the
differential voltage of the series impedance 1s provided
by one of the plurality of transistors.

5. The current threshold circuit of claim 1, wherein the

current source comprises at least one of:

an output of an amplifier; and

an output of a line driver.

6. A current threshold circuit comprises:

a current mirroring transistor operably coupled to a output
transistor of a current source;

a cascode transistor operably coupled 1n series with the
current mirroring transistor;

a feedback module operably coupled to generate a gate
voltage for the cascode transistor such that a drain
voltage of the current mirroring transistor substantially
equals a drain voltage of the output transistor; and

a sensing module operably coupled to compare a repre-
sentation of a current of the current mirroring transistor
with a representation of a reference current level,
wherein the sensing module generates an excessive
current indication of the output transistor when the
representation of the current of the current mirroring
transistor compares uniavorably with the representa-
tion of the reference current level.

7. The current threshold circuit of claim 6, wherein the

teedback module comprises:

an amplifier having a first input, a second 1nput, and an
output, wherein the first input 1s coupled to a drain of
the output transistor, the second 1nput 1s coupled to a
drain of the cascode transistor, and the output 1s
coupled to a gate of the cascode transistor.

8. The current threshold circuit of claim 6, wherein the

sensing module comprises:

an ofl chip resistor coupled to a source of the cascode
transistor to produce the representation of the current of
the current mirroring transistor; and

a comparator operably coupled to compare a voltage
imposed across the ofl chip resistor with a reference
voltage that corresponds to the representation of the
reference current level.

9. The current threshold circuit of claim 6, wherein the

sensing module comprises:

an on chip resistor coupled to a source of the cascode
transistor to produce the representation of the current of
the current mirroring transistor; and

a comparator operably coupled to compare a voltage
imposed across the on chip resistor with a reference
voltage that corresponds to the representation of the
reference current level.

10. The current threshold circuit of claim 6, wherein the
representation ol the current of the current mirroring tran-
s1stor and the representation of a reference current level each
comprise at least one of:

a voltage signal;

a current signal; and

a digital value produced by an analog to digital converter.
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11. A high current output circuit of an integrated circuit
(IC), wherein the high circuit output circuit comprises:
an amplifier circuit that includes an output current source;
and
a current threshold circuit that includes:

a series 1impedance coupling an output of the output
current source to a load, wherein impedance of the
series 1impedance 1s substantially less than imped-
ance ol the load;

a reference voltage source operably coupled to produce
a reference voltage differential; and

a comparison module operably coupled to compare the
reference voltage diflerential with a differential volt-
age of the series impedance, wherein the comparison
module generates an excessive current indication
when the differential voltage of the series impedance
compares unfavorably to the reference voltage dif-
ferential.

12. The high current output circuit of claim 11, wherein
comparison module comprises:

a differential difference amplifier having a first set of

inputs to receive the reference voltage differential and

a second set of 1nputs to receive the differential voltage

of the series impedance.

13. The high current output circuit of claim 11, wherein
the reference voltage source comprises:
a band gap reference operably coupled to produce a
reference voltage;
a resistive divider operably coupled to divide the refer-
ence voltage 1nto a plurality of reference voltages; and
a multiplexer operably coupled to select the reference
voltage differential from two of the reference voltage
and the plurality of reference voltages.
14. The high current output circuit of claim 11 further
COmprises:
the output of the current source including a plurality of
transistors; and
the series impedance including a plurality of resistors,
wherein one node of each of the plurality of resistors 1s
coupled to a corresponding one of the plurality of
transistors and wherein the other node of each of the
plurality of resistors are coupled together, wherein the
differential voltage of the series impedance 1s provided
by one of the plurality of transistors.
15. A ligh current output circuit of an integrated circuit
(IC), wherein the high circuit output circuit comprises:
an amplifier circuit that includes an output current source;
and
a current threshold circuit that includes:

a current mirroring transistor operably coupled to a
output transistor of the output current source;

a cascode transistor operably coupled 1n series with the
current mirroring transistor;

a feedback module operably coupled to generate a gate
voltage for the cascode transistor such that a drain
voltage of the current mirroring transistor substan-
tially equals a drain voltage of the output transistor;
and

a sensing module operably coupled to compare a rep-
resentation of a current of the current mirroring
transistor with a representation of a reference current
level, wherein the sensing module generates an
excessive current indication of the output transistor
when the representation of the current of the current
mirroring transistor compares unfavorably with the
representation of the reference current level.




US 7,164,320 B2
9 10

16. The high current output circuit of claim 135, wherein an on chip resistor coupled to a source of the cascode
the feedback module comprises: transistor to produce the representation of the current of
an amplifier having a first input, a second 1nput, and an the current mirroring transistor; and

output, wherein the first input 1s coupled to a drain of
the output transistor, the second input 1s coupled to a 5
drain of the cascode transistor, and the output is
coupled to a gate of the cascode transistor.

17. The ligh current output circuit of claim 15, wherein

a comparator operably coupled to compare a voltage
imposed across the on chip resistor with a reference

voltage that corresponds to the representation of the
reference current level.

the sensing module comprises: 19. The high current output circuit of claim 15, wherein
an off chip resistor coupled to a source of the cascode 10 the representation of the current of the current mirroring
transistor to produce the representation of the current of transistor and the representation of a reference current level
the current mirroring transistor; and cach comprise at least one of:
a comparator operably coupled to compare a voltage a voltage signal;

imposed across the ofl chip resistor with a reference

voltage that corresponds to the representation of the 15 o -
reference current level. a digital value produced by an analog to digital converter.

a current signal; and

18. The ligh current output circuit of claim 15, wherein
the sensing module comprises: * k% k%
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